Transplantation of embryonic dopamine (DA) neurons has been tested as a therapy for Parkinson's disease. Most studies placed DA neurons into the striatum instead of the substantia nigra (SN). Reconstruction of this DA pathway could serve to establish a more favorable environment for control of DA release by grafted neurons. To test this we used cografts of striatum to stimulate growth of DA axons from embryonic SN that was implanted adjacent to the host SN in African green monkeys. Embryonic striatum was implanted at one of three progressive distances rostral to the SN. Immunohistochemical analysis revealed DA neuron survival and neuritic outgrowth from the SN grafts at 12-36 weeks after grafting. Each animal showed survival of substantial numbers of DA neurons. Most fibers that exited SN grafts coursed rostrally. Striatal grafts showed evidence of target-directed outgrowth and contained dense patterns of DA axons that could be traced from their origin in the SN grafts. A polarity existed for DA neurites that exited the grafts; that is, those seen caudal to the grafts did not appear to be organized into a directional outflow while those on the rostral side were arranged in linear profiles coursing toward the striatal grafts. Some TH fibers that reached the striatal grafts appeared to arise from the residual DA neurons of the SN. These findings suggest that grafted DA neurons can extend neurites toward a desired target over several millimeters through the brain stem and caudal diencephalon of the monkey brain, which favors the prospect of circuit reconstruction from grafted neurons placed into appropriate locations in their neural circuitry. Further study will assess the degree to which this approach can be used to restore motor balance in the nonhuman primate following neural transplantation. 427 428 SLADEK ET AL.
INTRODUCTION
sual pathways to demonstrate that appropriate synaptic connections could be formed following grafting of embryonic neurons into appropriate target areas such as the Neural transplantation has been tested as an experimental approach for therapy in Parkinson's disease (19) superior colliculus and others (12, 18) . Restoration of function in a monoaminergic system and has been utilized as a tool in neurobiology for the study of the developing nervous system. As early as was attempted by several laboratories with remarkable results that showed survival of dopaminergic neurons 1909, Ranson postulated the concept of neuronal plasticity with studies that demonstrated a phenotypic transfor-taken from the ventral mesencephalon of embryonic rats and grafted into the target nucleus of the ascending A9 mation in neuronal shape following transplantation of peripheral sympathetic ganglion cells into the cerebral dopaminergic system (i.e., the striatum). Survival of dopaminergic neurons, outgrowth of axons, and restoration cortex of adult rats (23, 24) . His and other's early studies raised provocative questions about the regenerative ca-of motor functions was reported (1, 21) . Attempts to replicate and extend these seminal stud-pacity for mammalian neurons. Studies by Lund and colleagues utilized the well-understood circuitry of the vi-ies were made in nonhuman primates because of the similarity in neuronal features and function of the nigro- (37) . Additional studies using this approach by Wang and colleagues demonstrated the attractant ability of striatal system and because of their importance as a translational step. An animal model of parkinsonism was GDNF to direct the growth of DA neurites form SN grafts to the striatum though a direct cannula track that developed using the protoxin MPTP that resulted in the cardinal signs of parkinsonism including resting tremor, penetrated the target and terminated in the SN (34) . Whether this same ability-to grow neurites over long which was not a feature that characterized rat models. The latter was pursued in nonhuman primates using a distances to an intended target-exists for primate neurons was demonstrated in a xenograft with the introduc-model of Parkinson's disease with unequivocal results that demonstrated reversal of motor signs and survival tion of human fetal dopaminergic neurons in the rat ventral mesencephalon (35) . This early study demonstrated of dopaminergic neurons in intrastriatal grafts that showed extensive neuritic outgrowth into the host stria-an extraordinary ability of dopaminergic neurons to direct neurite growth to appropriate targets in the striatum, tum, increased dopamine in the vicinity of the grafts as measured by neurochemical methods as well as in-cerebral cortex, and ventral forebrain along existing myelinated pathways, presumably in the absence of inhibi-creased dopamine uptake as measured by SPECT imaging for DA uptake into grafted neurons (6, 25, 28, 33) . tory signals. It is likely in all these studies that strong tropic signals from host target areas are responsible for This cellular replacement approach to therapeutics eventually was shown in the clinics to be of some effect the directed outgrowth. The present experiment was intended to extend these findings to the nonhuman primate in reducing the symptoms of the disease, particularly with respect to levodopa requirements, dyskinesias, and in an attempt to verify whether long axonal projections can be constructed from embryonic dopaminergic neu-on-off fluctuations during drug dosing (8, 9, 13, 14, 16, 17, 22, 32) . In spite of the advancement of this approach rons in response to signals from embryonic striatum. clinically, several issues remain to be resolved, includ-MATERIALS AND METHODS ing the need to provide a neuronal microenvironment that would be more conducive for regulated neurological Experimental subjects were six adult male African green monkeys (Chlorocebus sabaeus) from the colony control of DA production and release by the grafted neurons. This is particularly important because of the poten-at the St. Kitts Biomedical Research Foundation, St. Kitts, West Indies. All studies were conducted in accor-tial for dyskinesias to develop in the presence of excess DA, which might be caused in part by neurons that lack dance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Two to 3 proper afferent inhibitory feedback as a result of being placed in an area distant to their appropriate location months prior to transplant surgery monkeys received intramuscular/systemic injections of MPTP at total doses within the ventral mesencephalon.
We previously demonstrated the feasibility of graft-of 2 or 2.25 mg/kg over a 5-day period, using our previous treatment schedule (30) . Behavioral consequences ing DA neurons into the region of the SN in adult nonhuman primates (3) . Embryonic ventral mesencephalon of this treatment were characterized by a general asymptomatic condition. All six monkeys received unilateral was grafted in the mesencephalic tegmentum immediately rostral and dorsal to the SN with substantial sur-solid tissue grafts of embryonic SN and striatum implanted bilaterally aimed at the rostral pole of the SN. vival of DA neurons and extension of neurites into the surrounding mesencephalic neuropil of the host. While Specifically, each animal received grafts of embryonic lateral ganglionic eminence (i.e., striatum) along a direct that study was not designed to test the potential for outgrowth to the striatum, we earlier demonstrated a marked trajectory between the SN graft and the host striatum. One monkey received the striatal cograft at 2.5 mm ros-tropic influence of cografted embryonic striatum when placed at 2-3-mm distances from embryonic SN grafts tral to the SN graft. Two monkeys received cografts at a 5.0-mm distance to test extended growth of DA axons, in the host striatum (26) . Polarity of fiber outgrowth was seen in the direction of the striatal grafts. Taken to-and three additional monkeys received cografts placed at a 7.5-mm distance to examine potential growth of DA gether, these findings suggested that longer trajectories might be achievable, provided a sufficiently strong at-axons to the caudal pole of the striatum. Implants were made using stereotaxic surgery and a tractant signal is available and that unhindered intraneuronal routes are available for targeted growth.
direct vertical approach, similar to our previous approach to graft placements in the striatum alone (30) . Donor Several attempts to form connections between grafted DA neurons or residual DA neurons of the SN have tissue for implantation was derived from embryonic monkeys selected for optimal gestational age by ultraso-been performed in rat brain with encouraging results. For example, the direct placement of a cannula track nography: embryonic day (E) 45-47 for SN grafts and E52-54 for striatal grafts. Tissue grafts from the SN filled with the neurotoxin, kainic acid, resulted in targeted growth of DA neurites from the SN to the striatum consisted of the ventral mesencephalon, divided along the midline, implanted unilaterally into a single site im-progressively to allow sufficient time for neuritic outgrowth between graft sites and were 11 weeks for 2.5-mediately dorsal to the rostral pole of the SN. This site was chosen in part due to its proximity to the origin of mm distances, 20 weeks for 5-mm distances, and 36 weeks for 7.5-mm distances. Brains were removed and the ascending fibers of the nigrostriatal pathway. Striatal anlagen was dissected from a second donor embryo at a immersion fixed in buffered 4% paraformaldehyde solution, and subsequently processed for catecholamine en-later gestational age that more closely corresponds with the period of neurogenesis in another old world primate, zyme and transporter immunohistochemistry as detailed below. the rhesus monkey, as demonstrated previously (15). These grafts were placed 2.5 mm more rostral to the SN Fixed tissue was sectioned in the parasagittal plane on a freezing microtome at 50-µm thickness. Staining grafts and 1 mm more dorsal to follow the route taken by fibers of the nigrostriatal pathway. Striatal grafts at for TH (mouse anti-TH monoclonal, 1:1000, Chemicon International, Temecula, CA), DBH (rabbit anti-DBH 7.5 mm likewise were implanted more dorsally along the same trajectory ( Fig. 1 ). Animals were killed by bar-monoclonal, 1:2000, Protos Biotec) for the demonstration of noradrenergic neurons, and the dopamine trans-biturate overdose and perfused with ice-cold physiological saline. Postgrafting survival times were increased porter, DAT (rat anti-DAT monoclonal, 1:500, Chemi- and striatum (Cd/Pt). The three successive positions of the striatal grafts that served as potential targets for the outgrowth of dopaminergic neurites from the grafted SN are designated as a (2.5 mm), b (5.0 mm) and c (7.5 mm); d represents a 10-mm distance to reach the rostral striatum. A single donor brain is illustrated for the purpose of identifying the two regions from which embryonic tissue was dissected, but striatal grafts were taken from donors about 1 week further in prenatal development than the SN grafts. The inset depicts the potential outgrowth in higher detail. (B) This low-power view through the brain stem in parasagittal section stained for TH depicts several characteristics of the host catecholamine systems. Distinct groups including the substantia nigra (SN) and the locus coeruleus (LC), as well as ascending pathways (arrows) are discernible and served as neuroanatomical templates for the identification of grafts and associated fiber outgrowth. Fiber bundles and cellular detail are seen to advantage in (C) and (D), respectively. con), as a marker for DA neurons and their processes served as a precise template for the delineation of grafts placed in several locations between the SN and striatum. was performed using the Vectastain ABC protocol (Vector Laboratories, Burlingame, CA). Neuroanatomical anal-Placement of the cografts was without incident of any negative behavioral or histopathological findings such as ysis was performed of SN and striatal grafts on serial sections to provide an estimate of relative survival and tissue necrosis or hemorrhage. There were no apparent alterations to autonomic or other regulatory functions as outgrowth of DA neurons. Analysis in the parasagittal plane permitted visualization of the grafts and their neu-a result of the potential interruption of fibers of passage between the brain stem and higher structures. Graft lo-ritic outgrowth in longitudinal profile, which facilitated tracing fibers from their cells of origin to potential target cations were found to be consistent with the planned stereotaxic coordinates with some minor variations as regions on adjacent serial sections to permit neuroanatomical tract depiction with the aid of superimposed described below. The SN grafts were positioned approximately 1 mm dorsal to the dorsal edge of the host SN, camera lucida type drawings. Cell counts of TH-or DAT-positive neurons were performed within SN grafts adjacent to the ascending DA fibers of the nigrostriatal pathway and within the dorsal noradrenergic bundles as in all animals using an unbiased stereological method described previously (2) .
defined earlier in old world macaques (7, 10) . Some SN grafts were seen in juxtaposition to the rostral pole of the host SN and as described below were demarcated RESULTS from the host easily by differences in the composition General Observations of the neuropil of their respective microenvironments. The striatal grafts were positioned 2.5, 5.0, or 7.5 mm Staining for the catecholamine markers was distinct and dense, almost Golgi-like in detail with respect to rostral to the SN grafts as measured from the center axis of each graft and as such were found in apposition to a cellular detail. It easily permitted the identification the presence of distinct fiber bundles that appeared to tra-number of defined structures as described in detail below. Some variation was noted in the dorsoventral depth verse the entire rostro-caudal length of the brain stem and diencephalon ( Fig. 1B , C). Cellular detail (Fig. 1D) of the grafts within the distance traversed by the implantation needle. allowed the demarcation of catecholaminergic cell groups, for example from the most caudal ventrolateral Counts of TH-positive neurons in the VM grafts indicated that those grafts placed closer to the striatal co-medullary A1 group in the lateral tegmentum, to the rostral A11-A14 diencephalic groups. Thus, the host brain grafts had greater numbers of surviving DA neurons The survival of TH-positive neurons in SN grafts, placed at the rostral pole of the host SN, was influenced by the proximity of the striatal cografts. SN grafts paired with cografts placed either 2.5 or 5.0 mm had higher TH neuron numbers and a greater density of neurons for the volume of the graft. The size (volume) of the SN graft apparently was not influence by the location of the striatal cografts. ( Table 1 ). Although the size of the VM grafts varied that contained between 1000 and several thousand THpositive neurons as determined in our earlier studies. In substantially, this did not appear to affect the DA neuron numbers. In grafts paired with the 2.5-or 5.0-mm co-fact, it compares favorably to grafts with the densest population of dopaminergic neurons. These grafts gener-grafts, the density of neuron distribution was approximately the same with two neurons per millimeter vol-ally were larger in their midsection than at the dorsal and ventral poles where they often appeared tapered. SN ume. VM grafts with the more distal cografts (7.5 mm) had almost half the density of DA neurons in compari-grafts were situated in the midst of the ascending, dorsal noradrenergic pathway and as such gave the appearance son to the other graft pairings. Qualitative analyses of the SN and striatal grafts also showed differences based of being traversed by a dense band of heavily stained, parallel arrays of fibers. These TH-positive fibers of en-on cograft placement. dogenous origin could be traced for several millimeters into the rostral forebrain as well as caudally to the locus Grafts Placed 2.5 mm Apart coeruleus [i.e., group A6 as defined by the early chemical neuroanatomists in rat (4) and monkey (10)]. The SN Grafts. The SN grafts were typical in appearance (i.e., filled with distinct clusters of TH-and DAT-posi-ascending branch of the A6 group to the cerebellum was especially distinct. Fibers of graft origin, however, were tive neurons and an associated dense network of ramifying fibers within each graft) ( Fig. 2A) . Many DA-posi-finer in diameter than those of the noradrenergic bundles and showed a unique arrangement as described below. tive neurons were clustered at the perimeter of the grafts. Detailed cell counts revealed the presence of TH-positive, delicate-sized fibers exited the grafts primarily rostrally and to a lesser extent caudally. A 11,203 TH-positive neurons on the right side of the brain in the SN graft and thus appeared similar to grafts clear polarity of fibers that exited the grafts was noted. Specifically, they exited in a coronal cascade that beaded varicose fibers were distributed within each graft in the form of linear fibers that appeared to course in a formed a penumbra of meandering fibers (Fig. 2B ). However, from these grafts one could observe a filamen-ventral-dorsal direction parallel to the long axis of the grafts. There was a polarity to the fibers that appeared tous filigree of fibers with a directed polarity toward the striatal grafts (Fig. 2C) . The same was not seen on the to enter the graft; they did so generally from the caudal surface and did not appear rostral to the grafts (Fig. 3A) , ventrocaudal surfaces of the grafts where fibers generally extended for a short distance ( Fig. 2D ). Some ap-which suggests that the innervation was derived from more ventrally placed dopaminergic neurons. peared to curve rostrally after exiting the grafts. The SN grafts were distinct from their host counterparts even DBH and DAT Immunochemical Observations of SN when seen in juxtaposition to the host SN. Thus, it was and Striatal Grafts possible to differentiate between fibers from each source over the relatively short distance of 2.5 mm to the These stains were used to verify the presence of DA grafted striatal tissue.
fibers within the striatal grafts and from exit zones of the SN grafts. Although the density of the DBH stain Striatal Grafts. With TH staining, these grafts appeared slender with a long axis in the dorsoventral plane was less than that seen for TH, the fiber patterns were discernable and verified to known noradrenergic groups (Fig. 3 ). Striatal graft innervation was prominent and appeared to be derived from two types of fibers: strings such as the locus coeruleus, the A2 group of the dorsomedial medulla, and the associated ascending norad-of beaded varicosities that entered the grafts from the caudal side (the side closest to the SN co-graft) and a renergic bundles. Graft innervation was substantially less dense than that seen with TH staining (Fig. 4) . The more diffuse pattern of TH stain that was reminiscent of the patchy innervation of the developing striatum ( Fig. extensive patterns of patches of DA fibers seen with TH ( Fig. 4A, C,) which are reminiscent of developing DA 3B, C). This latter pattern was seen in the form of several clusters throughout the target grafts, whereas the fibers, were not apparent within the striatal grafts with DBH stain, which had a more homogeneous appearance. somes and matrix of the postnatal brain. A second source of fibers was seen to enter the striatal grafts from a ven-Stained neuronal perikarya also were not seen within the SN grafts (Fig. 4B) . A small number of isolated, large, tral position. These fibers appeared to branch from the intact nigrostriatal pathway, arched dorsally toward the beaded varicose strands, characteristic of a noradrenergic phenotype, were seen to enter and course throughout graft and entered at its ventral surface (Fig. 4D ). These DA fibers formed a dense band and coursed dorsally to the ventral portion of the striatal grafts. These fibers were sparse and did not form networks or patches. They supply distant regions of the graft. Staining for the DA transporter allowed fiber tracing appeared to enter primarily from the caudal surface of the grafts (i.e., the surface closest to the SN grafts).
between the SN and striatal grafts. Thus, the dense band of the dorsal noradrenergic pathway that was seen in a Thus, there was a clear polarity to the incoming fibers.
Staining for the DA transporter confirmed the pres-position between the SN and striatal grafts was not seen with DAT staining (Fig. 5 ). Consequently, examination ence of DA-positive fibers in the striatal grafts. It was possible to trace stained fibers from cells of origin in of DA fibers was uncluttered and permitted their identification to and within the striatal grafts. Fibers could be the SN grafts to the caudal surface of the striatal grafts (Fig. 4A ). There the fibers branched throughout the graft seen to extend from the rostral surface of the SN grafts to course through the mesencephalic tegmentum to the and coursed in a dorsoventral direction to supply fibers to more distant regions of the graft. They formed patches more rostrally placed striatal grafts where they entered caudally to ramify within the striatal grafts. of dense fibers corresponding to the developing strio- Figure 4 . Staining for the dopamine transporter DAT reveals dense stain within the nigral and striatal grafts in (A), as well as fiber outgrowth (arrows) that appears to be more prominent on the rostral side of the SN graft, giving the impression of polarity of outgrowing fibers. Staining for norepinephrine using antibodies generated against dopamine beta-hydroxylase (DBH) shows a lack of stained neurons in both the SN and striatal grafts (outlined) and no dense pockets of fibers as seen for DA in striatal grafts as shown in (C). In (C), prominent pockets (arrows) of DA fibers are common to the striatal graft. The exiting DA fibers are shown in (D), whereas (E) shows fiber ingrowth (arrows) from the host brain, presumably from the residual population of DA neurons of the ventral mesencephalon.
Figure 5.
Staining for DAT allowed the elimination, visually, of noradrenergic fibers that could be mistaken as supplying the distant grafts, especially at 2.5 mm wherein striatal graft placement was adjacent to and/or within the bundles of the ascending noradrenergic pathways (arrows), which would be expected to stain for TH, but not DAT. Thus, few fibers are seen with DAT in (A), whereas fibers stained for TH are prominent in (B) in an adjacent section, especially along the caudal surface of the graft. Note that the more ventrally placed ascending fibers of the nigrostriatal pathway (asterisks) are seen in both (A) and (B).
Grafts Placed 5.0 mm Apart
consequently showed some potential involvement with host diencephalic DA neurons described in detail below. SN Grafts. Grafts were found in each animal and like Each graft was characterized by moderate to dense patthe animal described above possessed dense collections terns of TH fibers (Fig. 7) . Some were of maximal denof TH-positive neurons and fibers (Fig. 6A ). TH cell sity and provided a clear resemblance to DA fiber innercounts within the SN grafts revealed 4,064 and 1,400 vation of the mature striatum. Numerous pericellular grafted dopamine neurons on the left and right sides, arrays of punctuate TH fibers were seen along with maxrespectively, of animal V061, and 2,288 and 2,553 dopaimally dense patches of TH-positive fibers (Fig. 7B , mine neurons on the left and right sides of animal U774. C).Two unique and unrelated phenomena were noted The SN grafts were well developed and generally were that initially complicated the identification of the derivapositioned immediately dorsal to the rostral pole of the tion of the TH fibers in two of the four grafts. In only SN. They were demarcated from the host SN because of these two animals a small number of large, TH-positive residual differences in their shape and internal microenneurons were seen in the vicinity of and dorsal to the vironment. TH-positive fibers exited these grafts abungrafts. In one animal these neurons occupied a position dantly on their rostral surfaces (Fig. 6A, B ) and apin the overlying cerebral cortex in the position of the peared to give rise to parallel arrays of fibers that could cannula track (Fig. 8A) . In this and one other animal be traced through serial sections to the striatal grafts.
TH-positive neurons also were seen apparently within TH-positive fibers that emerged on the caudal surface and around the striatal graft ( Fig. 8B ). However, serial appeared less organized. In two grafts, dense, parallel section analysis confirmed that these TH-positive neufibers appeared to course dorsally through the cannula rons were part of the previously described A13 catecholtrack to reach the region of the cerebral cortex.
aminergic cell group of the primate diencephalon. Thus, the more rostrally placed grafts were found juxtaposed Striatal Grafts. All striatal grafts were identifiable in two engrafted animals. These grafts were positioned and to some degree within the confines of the A13 group ( Figs. 9 and 10 ). This group is composed of multipolar more rostral than their counterparts described above and neurons that tend to be dispersed into widely separated appeared to provide origin to TH-positive fibers that ramified throughout the striatal graft. Fibers could be clusters. The more dorsally placed TH neurons in the region of the track in the cerebral cortex, however, were traced ventrally to the striatal graft. Grafts of striatal tissue that did not benefit from re-not associated with any known or previously described catecholaminergic cell group and consequently are be-sidual SN tissue contained maximal densities of TH fibers that formed patches resembling those seen during lieved to have been derived from the SN component of these multiple grafts, perhaps from some small amount development of the embryonic striatum in situ. Fibers could be traced that branched into the dense patches of graft tissue that remained after a SN placement during surgery. The cografted tissue in the implantation track throughout the grafts. Several patches were seen in each Figure 6 . Nigral grafts in the 5.0 mm animals looked similar to those described in Figure 5 , contained dense clusters of DA neurons and exiting fibers. These grafts exhibited prominent TH fiber outgrowth (arrows) on the rostral surfaces as seen to advantage in (B). graft. Some striatal grafts also showed a population of Grafts Placed 7.5 mm Apart small, TH-positive neurons that are common in the adult, unimplanted striatum (Fig. 11A, B) . Many of the SN Grafts. Five of six grafts in these three animals appeared to resemble those described above and were neurons appeared to give rise to local pockets of TH fibers within the striatal grafts. typical of SN grafts (i.e., they contained dense clusters of TH-positive neurons and fibers). SN grafts tended to The neurochemical identity of the TH fibers that reached the striatal grafts was confirmed as dopaminergic be elongate in shape with tapered dorsal and ventral caps. They appeared immediately dorsal and rostral to by DAT staining as described above for the 2.5-mm grafts. the host SN and were distinguished from the host SN by although large and located within a dense TH fibrous neuropil of the host striatum, paradoxically appeared rel-their shape and neuropil (Fig. 12) .
Total cell counts of TH-positive neurons ranged from atively devoid of TH-positive fibers. These grafts generally were substantially larger than 1,011 to 2,476. However, one SN graft was atypically small and contained 135 TH neurons (Table 1) and its those seen in the 2.5-and 5.0-mm animals. Most showed dispersed TH-positive fibers that failed to form the corresponding striatal graft was poorly developed in comparison to other striatal grafts. Two of six SN grafts dense patches described for 2.5-and 5.0-mm striatal grafts. Occasional clusters and fine-sized profiles of TH showed a distinctive outflow of TH fibers from their rostral surfaces, but most were less directionally distinct fibers were noted (Fig. 13) . These grafts, in distinction to those described for the shorter cograft distances, were than the 2.5-and 5.0-mm grafts. Their SN cell counts were 2,311 and 2,476 TH neurons. The neuritic outflow found within the host striatum, completely surrounded by dense patterns of TH fibers of host origin (Fig. 14) . from these two grafts was coincident with well-developed striatal grafts that were found in the caudal pole of The grafts were not comingled with TH neuronal groups of the host diencephalon and they did not reveal the the ipsilateral striatum in each animal. The other four SN grafts that failed to show dopamine neurite extension presence of residual SN graft tissue from concurrent implantations. The dopaminergic nature of SN graft neu-from their rostral poles were characterized by comparatively small, or absent, striatal grafts and cell numbers rons and the moderate striatal fiber patterns were confirmed with DAT stain. (Table 1 ). In one graft some TH-positive fibers coursed dorsally through the region of the implantation track to-DISCUSSION ward the cerebral cortex.
Two of our prior studies demonstrated that SN grafts could send DA neurites to striatal grafts located 2.0 mm Striatal Grafts. The striatal grafts failed to show dense patches of TH fiber staining and instead showed distant within the host striatum (27) and that SN grafts placed in the vicinity of the rostral SN could survive isolated regions where lightly stained and less dense pockets of TH were evident. Many of the striatal grafts, and extend neurites into the tegmentum of the ventral mesencephalon (3) . Taken together, these findings sug-fibers that appeared to exit the SN grafts when the grafts were implanted into the ventral mesencephalon (3). gest that SN grafts might be able to reach striatal grafts over longer distances because the intramesencephalic However, there was no evidence with either graft placement of directionality after the fibers exited the grafts. placement did not appear to be an obstacle for survival of the grafted DA neurons. Moreover, our earlier exami-This was to be expected when grafts were placed into the striatum because the striatum is a favored target of nation of SN grafts into the striatum as the primary target site demonstrated substantial outgrowth of TH-posi-the DA neurites of the SN, but the absence of directed outgrowth from SN grafts placed into the ventral mesen-tive neurites into the neuropil immediately surrounding the grafts (26, 29) . We also noted a band of TH-positive cephalon suggested the lack of a tropic signal influence in the adult, host brain of sufficient strength to attract survival in the presence of cografted striatal tissue (31) . When grafts of SN and striatum were implanted into the dopamine neurites.
The present study evaluated the feasibility of provid-monkey striatum there was a clear preference for the grafted DA neurons to extend axons to the implanted ing this opportunity for DA neurites to target-specific sites in nonhuman primate brain and is based in part striatal tissue. Because these cografts were placed only 2.0 mm apart it was necessary to test the ability of DA on prior studies that demonstrated a clear proclivity for maximal fiber supply to cografted striatum from DA neurites to reach more distant targets. This has been demonstrated in rats, but only with the use of direct tra-neurons implanted in proximity to striatal grafts within the host brain (27, 36) or to enhancement of DA neuron jectories created by kaininc acid lesions through implan- Figure 10 . Four consecutive sections from medial to lateral through a striatal graft show the graft diminishing in size as neurons (arrows) of the endogenous A13 cell group become more prominent. The juxtaposition of the graft and the host group may have provided a unique opportunity for additional DA fiber ingrowth into the graft. Image is inverted digitally. tation cannulae that passed through both the striatum can be target directed, at least in the comparatively smaller rodent brain. and the SN (37) or the use of GDNF-laden target grafts (34) , again with an angled tract through both host struc-This study further demonstrated that embryonic, nonhuman primate tissue taken from two separate areas (the tures. These studies provide encouragement that fibers SN and the striatum) from two different donors can be gests that the presence of substantive striatal grafts appeared to result in greater dopamine cell numbers in cor-implanted into the trajectory of an ascending catecholamine pathway of the adult monkey without deleterious responding SN grafts as well as neuritic extension from the rostral pole of the grafts. effects to the monkey or to the grafts. Both grafts grew to proportions seen also for solo grafted tissue and Survival of the grafts and extension of the axons is of importance because it positions the DA neurites to showed signs of healthy populations of neurons in the absence of any necrotic regions in or near the grafts. grow in a trajectory toward the striatum, using the striatal grafts as an attractant. The ability of DA axons to Cell counts of TH-positive neurons revealed quantities consistent with our prior observations within a range of grow directionally toward the cografted striatal tissue supports the view that embryonic striatal anlagen can approximately 1,100 to 2,400 dopamine neurons for 9 of the 12 grafts. There were two exceptions of potential serve to attract desired DA axons from the grafts of SN to the region of the adult striatum. It is encouraging that relevance to the question of possible trophic influence by the cografted striatal tissue. Over 11,000 dopamine dense patterns of TH fibers were seen in distant grafts, but not surprising because the DA neurons should retain neurons were seen in one SN graft in an animal where the striatal graft was positioned the closest to the SN their genetic program for long neurite extension that is characteristic of advanced mammalian species including graft. Based on our earlier studies it is likely that the substantially greater number of grafted dopamine neu-primates.
The ability of striatal cells to attract axons from DA rons resulted from the availability of striatal generated trophic factor(s). In animals with the greatest separation neurons was first demonstrated in culture by Hemmindinger and Heller (11), who subsequently found that cul-between the striatal and SN grafts three SN grafts contained substantially fewer dopamine neurons (135, 1011, ture medium taken from the striatal cultures could exert this tropic effect on DA neurons derived from the fetal 1047), and in each instance the striatal graft on the corresponding side of the brain was ether absent or of mini-rat SN. The first demonstration that cografts likewise could have a tropic effect on grafted DA neurons was mal size. Two of these animals had striatal grafts of substantial size and in each case the ipsilateral SN graft reported by Olson and colleagues (20) , who also demonstrated enhancement of survival. We reported subse-contained 2311 and 2476 dopamine neurons. This sug- quently that cografts in a rat model of a movement dis-Implantation of embryonic DA neurons into the brain stem and caudal diencephalon of adult monkeys is a fea-order could reach behavioral improvement more quickly then isolated grafts of SN alone (36) and that a doubling sible procedure for circuit reconstruction. The ability to safely graft embryonic neurons into these regions pro-of DA cell survival also occurred (31) . The ability to attract axons over long distances in monkey was first vides an opportunity to develop multiple target strategies aimed at both the possible restoration of DA tone at the seen in cograft paradigms in monkey wherein two phenomena were observed (27, 30) . First we noted that when level of the SN and reconstruction of nigrostriatal circuitry. For a more complete reconstruction it will be es-cografts were separated by 1.5 mm in the striatum that fibers grew from the SN graft to the striatal graft. Also, sential to attract the DA neurites more consistently over longer distances than shown presently, but the earlier we noted that when the SN grafts were implanted into the contralateral striatum a small number of TH fibers observation of neurites that crossed the midline from SN grafts to reach the contralateral striatum encourages the grew dorsally into the overlying corpus callosum and then medially toward the striatum that contained the stri-view that this will occur once the striatal anlagen is implanted into the proper trajectory and the DA neurites atal graft. This growth occurred over as many as 8-10 mm, which suggested growth potential sufficient to are provided sufficient time to grow. TH fiber densities were greater in the striatal grafts reach the striatum from an implant in the brain stem if a proper trajectory could be achieved. These findings are that were closest to the donor SN grafts. Extensive patterns were not seen in the grafts placed at 7.5 mm, al-in distinction to those of Dunnett and colleagues (5) , who attempted to use striatal grafts as stepping stones, though some TH fibers were noted. This is particularly interesting because the most distant striatal grafts were but did not observe directed outgrowth in a rodent model. It is not possible to comment on why this may placed into a DA-rich environment in the adult host striatum of some animals that did not show a depleted stria-not have occurred in rat, but it is possible that differences in the technical approach, such as the use of solid tum. This suggests that the embryonic striatal tissue did not attract the host fibers, perhaps due to lack of an ap-grafts presently, or the use of nonhuman primates, which do possess considerable differences from rodents, may propriate signal or a lessened ability of the adult fibers to seek postsynaptic targets in the embryonic tissue. It be causal for the current success. 
